Abstract. Transportation agencies rely on the accurate localization and reporting of roadway anomalies that could pose serious hazards to the traveling public. However, the cost and technical limitations of present methods prevent their scaling to all roadways. Connected vehicles with on-board accelerometers and conventional geospatial position receivers offer an attractive alternative because of their potential to monitor all roadways in real-time. The conventional global positioning system is ubiquitous and essentially free to use but it produces impractically large position errors. This study evaluated the improvement in precision achievable by augmenting the conventional geofence system with a standard speed bump or an existing anomaly at a pre-determined position to establish a reference inertial marker. The speed sensor subsequently generates position tags for the remaining inertial samples by computing their path distances relative to the reference position. The error model and a case study using smartphones to emulate connected vehicles revealed that the precision in localization improves from tens of metres to sub-centimetre levels, and the accuracy of measuring localized roughness more than doubles. The research results demonstrate that transportation agencies will benefit from using the connected vehicle method to achieve precision and accuracy levels that are comparable to existing laser-based inertial profilers.
The international roughness index (IRI) is the prevalent method of summarizing pavement roughness (Gillespie et al. 1986 ). The IRI is an accumulation of the suspension motion of a fixed quartercar (known as the Golden Car) simulated to traverse a sample of the elevation profile at a precise reference speed of 80 km h -1
. Nearly all transportation agencies currently use laser-based inertial profilers to measure the elevation profile of paved roadways (Merritt et al. 2014) . To localize pavement sections with high-accuracy, technicians install a high-reflectivity adhesive tape to mark their boundaries. The adhesive tape reflects laser light with a high intensity to produce artificial maxima in the recorded elevation profile. Subsequent processing uses the signal maxima to isolate profile sections that are associated with the target segments. The operating guidelines for laser-based inertial profilers specify a 25-mm sample interval along the elevation profile (Gillespie et al. 1986) . Therefore, the precision bounds of its localization must be within that interval.
Although using inertial profilers to produce the IRI is now common practice, practitioners are aware of the numerous shortcomings. Researchers have long discovered that the IRI mischaracterizes roughness that riders experience because of the fixed Golden Car parameters and the precise reference speed (Ahlin and Granlund 2002) (Papagiannakis 1997) (Lak et al. 2011) . Furthermore, most implementations of inertial profilers are difficult or impractical to apply on unpaved, urban, and local roads where they must avoid frequent anomalies and stop-and-go conditions (NCHRP 2013) . These deficiencies coupled with the relatively high cost to acquire, maintain, and operate inertial profilers have motivated agencies to seek alternative methods.
The United States Department of Transportation (USDOT) and equivalent agencies worldwide are collaborating with nearly all vehicle manufacturers to deploy connected vehicle pilots in major cities and to assure that they will become pervasive by 2020 (USDOT 2015) . The connected vehicle standard prescribes architectures and methods that would allow remote systems to access the data from sensors that are already aboard regular vehicles. Such sensors include accelerometers, speed, odometer, and conventional global positioning system (GPS) receivers. The steady maturity of connected vehicles worldwide makes them an attractive platform to invent ways of using their existing on-board sensors to Precision enhancement of pavement roughness localization with connected vehicles Raj Bridgelall, Ph.D. Page 3/19 monitor the condition of roadways. The typical vehicle does not integrate high-accuracy differential GPS (DGPS) receivers or any other special sensors that inertial profilers currently use to produce the IRI.
Therefore, the main idea of this research is to use existing on-board sensors that will provide agencies with a more scalable and affordable alternative to the acquisition, maintenance, and operation of specially equipped inertial profiling vehicles that require highly trained personnel.
The transformation of inertial signals from the accelerometers aboard regular vehicles to produce roughness summary indices that are consistent with the IRI has been elusive, primarily because of sensitivities to the vehicle suspension response and the traversal speed (Du et al. 2014) . To address this challenge, researchers developed and demonstrated a signal transform that modulates the road impact factor (RIF) with speed to produce a roughness index that is directly proportional to the IRI ). The RIF-transform produces a representation of the true roughness that riders experience within a specified speed band and in actual vehicles versus simulated quarter-cars. A corresponding Time
Wavelength-Intensity Transform (TWIT) combines the RIF-indices from all available speed bands to produce a speed-independent summary of roughness. The connected vehicle approach obviates the need for calibration with individual vehicle suspension behaviours by applying the central limit theorem to a large volume of data from different speed bands. Hence, the average RIF-index across all speed bands reflects the typical ride quality experienced at any speed, and establishes a practical figure-of-merit to trigger specific remediation responses.
The connected vehicle approach relies on conventional GPS receivers to tag the inertial samples with geospatial positions. Consequently, the precision in roughness localization that is achievable depends on the performance of the underlying GPS system. Administrators of the conventional GPS system expect that the six-sigma interval for horizontal position precision under direct line-of-sight conditions will be about ±6.7 meters, which is equivalent to a standard deviation of 2.2 meters about the mean (USDHS 1996). However, this uncertainty could increase to more than ±10 meters when multi-path reflections from buildings, large trees, and other tall structures distort the weak satellite signals.
Precision enhancement of pavement roughness localization with connected vehicles
This research extends the practice of using reflective tape markers to improve the precision of laser-based inertial profilers by substituting a reference anomaly for the accelerometer-based approach.
The reference anomaly may be an artificial speed bump or an existing anomaly such as a pavement patch or rough joint at a pre-determined geospatial position. Hence, the main proposal of this paper is to avoid the use of GPS by instead using a reference anomaly of known geospatial position. That is, the segment origin will begin at the position of the reference anomaly. Practitioners must record its actual geospatial position on the path. This approach is analogous to the practice of placing a pneumatic tube sensor across known geospatial positions of the roadway to measure traffic volume. The speed sensor of the vehicle and a timer (instead of the GPS) will provide the information needed to calculate precise and continuous distance markers for the remaining inertial signal samples, relative to the path origin. The final implementation will rely on the speed sensor aboard a connected vehicle. However, the case study for this paper uses sensors from a smartphone to emulate the output of connected vehicle sensors because the authors did not have access to a standard connected vehicle. Incidentally, the smartphone implements the speed sensor by using its integrated GPS and inertial sensors. Therefore, the actual connected vehicle sensors will likely provide even better results than the case study demonstrates.
The main objective of this study is to quantify the relative precision and accuracy improvement in roughness localization and quantification by using reference inertial markers (RIM) instead of GPS receivers. Practitioners could use the GPS position tags for coarse localization of the approximate position of an anomaly detected in the inertial data stream, and then use the neighbouring path position tags to identify its precise position relative to the path origin.
The organization of this paper is as follows: the next section will develop a model to characterize the errors in position tagging and roughness measurement. The third section will describe the case study conducted to quantify statistics of the contributing factors that dilute the precision of position tagging.
The fourth section will assess the difference in localization errors between the RIM and the GPS position tagging methods. The case study will demonstrate the utility of applying the RIM method to identify and Precision enhancement of pavement roughness localization with connected vehicles quantify the localized roughness of relatively small concrete panels for possible remediation or replacement. The final section will summarize and conclude the study.
Roughness measurement technique
This section reviews the connected vehicle method of inertial signal transformation that reports roughness in direct proportion to the IRI. Without access to an actual connected vehicle, the authors used a smartphone to log the equivalent sensor data that would have been available directly from the integrated vehicle systems. A model to characterize the localization errors also isolates the factors that dilute the precision. Simulations of quarter-car responses to bump traversals demonstrate how suspension transient responses contribute to localized roughness biases.
Inertial signal transformation
The RIF-transform produces a measure of localized roughness such that
where the RIF-index L v R is the average g-force magnitude experienced per unit of distance L travelled.
The vertical acceleration for signal sample n is g z[n] and the instantaneous traversal speed is v n . For an average sample period of δt, the average spatial resolution achievable would be δL = v n δt.
Roughness indices
For multiple traversals involving one or more vehicles, an ensemble average of the RIF-indices for a selected spatial resolution window produces an estimate of the segment roughness with ever-increasing levels of precision as the traversal volume increases. The ensemble average RIF-indices (EAR) is Precision enhancement of pavement roughness localization with connected vehicles position and color-coding the EAR-index will produce a map-based visualization of the segment roughness. As the precision increases with additional traversals volume, the transition between smooth and rough segments will become sharper.
Geospatial position tagging
A smartphone application (app) dubbed pavement analysis via vehicle electronic telemetry (PAVVET)
emulates the connected vehicle data that the RIF-transform converts to RIF-indices . Table 1 shows a fragment of the data from the PAVVET app and its format. The first row contains a header with labels for each column of data sampled from the sensors.
The "Time" column is the sample period in milliseconds. The accelerometer produced the "Gz," "Gx," and "Gy" inertial signals, which are the acceleration levels sensed in the vertical, lateral, and longitudinal directions, respectively. The values are in units of g-forces. The gyroscope produced the "Pitch," "Roll," and "Yaw," which are the sensor orientation angles in degrees, respectively. The post-processing algorithm uses a three-dimensional rotation matrix to extract the resultant vertical acceleration, regardless of the orientation of the smartphone ).
The GPS receiver produced the "Lat" and "Lon," which are the latitude and longitude, respectively, in decimal format. The GPS receiver also produced the "Vel," which is the estimated ground speed in m s -1 . The fastest update rate achievable for the GPS receiver of the iPhone® 4S used is Precision enhancement of pavement roughness localization with connected vehicles approximately 1 Hertz. The maximum update rate obtained from the accelerometer was somewhat greater than 100 Hertz (Apple Inc. 2014). The GPS receiver utilizes inertial navigation system (INS) and Kalman filtering techniques to produce speed updates at a rate that matches the accelerometer update intervals.
This technique smooths out gaps from loss of GPS satellite signals such as when traveling through a tunnel or urban areas with poor satellite signals reception (Groves 2013) . The algorithm to produce geospatial position tags interpolate between successive GPS position updates to associate each inertial sample with a path distance. This approach produces path distance tags with greater accuracy, particularly for curvilinear paths and turns. Another benefit is that tagging based on speed and time fills in path distance gaps that result when the GPS receiver loses line-of-sight conditions. The distance from any GPS position update 0
where   is the position of the ρ th inertial sample update.
Position tagging error
For the case of an isolated bump, the position tag p ˆ of the first peak in the inertial response signal is an estimate of the true position p  of the bump's peak. The estimate includes distance biases such that
This expression groups the biases into three categories: signal processing, vehicle response, and GPS 
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For a given test vehicle, variances in the signal processing bias are negligible and the sensor position bias will remain unchanged. Hence, variances in the phase response of the vehicle suspension system and randomness in GPS position estimates will dominate the position tagging errors. Previous work established that phase response variations in the suspension system of a given vehicle accounted for less than one-centimetre of the variations observed in the position tags . Therefore, the error magnitude that excludes GPS randomness is comparable to the error of laser-based inertial profilers that standardize on a sample interval of 25-millimeters (~1 inch) (Perera and Elkins 2013) .
The geospatial position tag GPS  reported by the GPS receiver and its associated embedded system consists of two error components such that the average position bias is
The mean geospatial position bias from trilateration is dGPS A previous study determined that the performances of the GPS receiver processing chain and the host platform for the embedded GPS system accounts for the magnitude of the average latency in position tagging lag  . The corresponding variance in tag distance lag Table 2 study presented later and the Golden Car.
Precision enhancement of pavement roughness localization with connected vehicles The position of the bump in Figure 1 is at a wheelbase Figure 1a and 1b shows the g-forces that the equivalent The position of the bump in Figure 1 is at a wheelbase distance of 3.3-meters from the origin.
forces that the equivalent quarter-car produces during and after traversing a meter (1-foot) wide bump, respectively. The bump height is 4.5 millimetres. Subsequently, any vibrations that sustain after the trailing edge of an anomaly will result in a roughness bias for the segment that immediately follows.
Case studies
This section describes the case study setting and the layout of the concrete panels. A histogram of the GPS position tags of the RIM expresses their statistical distribution.
Test facilities
The . Hence, the app collected 54 data streams for mean GPS update interval were 93 Hertz and 0.97 seconds, respectively. Hence, these chi-squared tests cannot reject the hypothesis that the p Precision enhancement of pavement roughness localization with connected vehicles squared test cannot reject the hypothesis that the position tags follow a Gaussian distribution because the significance value is much greater than 5%. Figure 3d is an enlarged Gaussian fit about the first maxima of the EAR.
Figure 3

Distribution of position tags
RIF-indices and their position distribution.
of the GPS position tags for the RIM of all traversal corresponds to the three independent GPS receivers used. The plots show histogram, and table 3 summarizes the parameter estimates significance listed for the Gaussian and the t-distribution fits for each mode are than 5%. The degrees of freedom used to calculate the χ 2 significance is one less than the number of histogram bins, minus the two independent (amplitude and mean) parameter estimates.
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osition tags for the RIM follow either Precision enhancement of pavement roughness localization with connected vehicles the Gaussian or the t-distributions. The strong agreement with classic distributions indicates that the dominant error contributors distribute normally as expected. Retagging the data stream by setting the RIM of each inertial signal as the origin 0  and using equation (3) 
Results and discussion
From table 3, the batch mean of the standard deviations of the RIM position tags from each smartphone is 2.1 meters. This result closely matches the standard deviation of 2.2 meters that GPS operators expect under nominal conditions. The largest difference in RIM position tag bias among smartphones was (31.66 -17.49) = 14.17 meters. At the average speed of the vehicle, this distance bias corresponds to 0.76 seconds, which is well within one GPS update interval.
Using a spatial resolution window of 1.8-meter for the RIF-transform, figure 5 compares the EAR for the GPS-tagged and the RIM-aligned inertial samples. It is evident that in addition to delaying the localized roughness of the reference anomaly, the random distribution of the GPS position tags smears the localized roughness measurements. Therefore, relative to the RIM-aligned method, the EAR-indices of the GPS-tagged method could result in more than a two-fold error in measuring the localized roughness of a PCC panel. However, the roughness measurement error of the GPS-tagged method will match those of the RIM-aligned method as the size of the spatial resolution window increases well beyond the uncertainty interval of the GPS position estimates. Table 4 demonstrates the improvement in measurement agreement between the RIM GPS-tagged methods when using longer spatial resolution windows for the EAR.
Precision enhancement of pavement roughness localization with connected vehicles aligned method as the size of the spatial resolution window increases well beyond the uncertainty interval of the GPS position estimates.
. The EAR for the RIF-transform of GPS-tagged and RIM-aligned inertial samples.
The minimum length of that window must exceed the bias and variations from GPS position tagging such (table 3) as a case study, the recommended GPS tagged method should be greater than (0.97/2)(18.61) + 3(1.96) a much larger spatial resolution of approximately 161-meters (0.1 mile) (Merritt et al. 2014) . Equation (11) provides an additional insight that the anticipated spread in GPS position estimates will become dominant when the GPS update interval is set below approximately 0.5 seconds, or when the instrumented vehicle travels slower. improvement in measurement agreement between the RIM tagged methods when using longer spatial resolution windows for the EAR. The reference anomaly is at the centre of the window for each case, therefore, the EAR decreases with increasing window lengths as observed in the table. The standard deviations also decrease for each method because measurement errors spread across a longer spatial window. As expected, the standard deviation of roughness measurements is slightly smaller for the RIM-aligned method, but the gap closes as the window length increases.
The margin-of-error (MOE) for the distribution of RIF-indices  . The ratio of MOE 1-α to the EAR is the MOE percentage, which is a relative measure of the amount of measurement spread about the mean value. For this case study, the MOE 0.95 (%) for the 100-meter segment indicates that 95% of the RIF-indices will be within 1.7% and 1.5% of the mean for the GPS-tagged and the RIM-aligned methods, respectively. In conclusion, further increasing the length of the spatial resolution window of the EAR will absorb the effects of random GPS position tagging.
Using a spatial resolution that is equal to the panel-width, figure 6a plots the localized EARindices for each PCC panel using the RIM-aligned method. This research examined the relative improvement in precision of roughness localization achievable by using a reference anomaly in the traversal path to produce reference maxima in the inertial signal, and position tag offsets based on the sample intervals and the instantaneous speed. The associated case study utilized the MnROAD facilities to demonstrate that sub-centimetre precision in localization is achievable. Furthermore, the method provides a nominal two-fold improvement in the accuracy of measuring localized roughness. However, both methods provide similar accuracy levels in localized roughness estimation when the spatial resolution exceeds the GPS-related interval of uncertainty. The case study revealed that when reporting roughness for segment lengths that are typical of the IRI, for instance 0.1-kilometres, the margin-of-error in roughness measurements will diminish below 2% as the number of traversal samples exceeds 50.
The case study used a smartphone to emulate a single connected vehicle to demonstrate an application of the method using reference inertial markers by localizing the roughness of relatively small Portland Cement Concrete panels. A sharp change in the relative roughness between the 1.8-meter concrete panels identified localized roughness. Although the speed estimates from the smartphone are not certified based on national standards, the proposed method provided acceptably consistent characterizations of the pavement roughness. Therefore, the data from certified sensors of an actual connected vehicle would likely provide even greater data quality to further boost the performance of the proposed method.
The authors are currently collaborating with the MnROAD facility to analyse strain changes within select concrete panels. Ongoing research will utilize the method of reference inertial markers to isolate and compare the ratios of panel roughness with the corresponding ratios of the strain sensor output. Subsequently, this data will support future research that will examine the link between roughness progression and temporal changes in the pavement strain.
